It is important to accurately regulate the expression of genes involved in development and 14 environmental response. In the fission yeast Schizosaccharomyces pombe, meiotic genes are 15 tightly repressed during vegetative growth. Despite being embedded in heterochromatin these 16 genes are transcribed and believed to be repressed primarily at the level of RNA. However, 17 the mechanism of facultative heterochromatin formation and the interplay with transcription 18 regulation is not understood. We show genome-wide that HDAC-dependent histone 19 deacetylation is a major determinant in transcriptional silencing of facultative heterochromatin 20 domains. Indeed, mutation of class I/II HDACs leads to increased transcription of meiotic 21 genes and accumulation of their mRNAs. Mechanistic dissection of the pho1 gene where, in 22 response to phosphate, transient facultative heterochromatin is established by overlapping 23 lncRNA transcription shows that the Clr3 HDAC contributes to silencing independently of 24 SHREC, but in an lncRNA-dependent manner. We propose that HDACs promote facultative 25 heterochromatin by establishing alternative transcriptional silencing. 26 Watts et al. 5 though, in contrast to the complete loss of silencing observed upon deletion of the prt non-76 coding promoter, deletion of Clr4 had a minor effect on pho1 expression and instead affected 77
Introduction 27
Heterochromatin is critical to eukaryotic cells and exists in two functionally distinct forms: 28 constitutive and facultative heterochromatin. Constitutive heterochromatin is found mainly at 29 8 (ChIP) followed by qPCR was performed to determine whether Clr3 is recruited to the locus. 137 This revealed that Clr3 indeed localizes to the gene, particularly at the non-coding region 138 ( Figure 1c ). A recent study proposed a mechanism of Clr3 recruitment via the DNA and RNA 139 binding activity of the non-catalytic SHREC subunit Clr2 32 . In order to determine whether Clr3 140 is recruited and functions at pho1 as part of SHREC or independently of the complex, the 141 effects of clr1, clr2, and mit1 deletion on RNA levels were analysed by Northern blot (Figure   142 Supplement 1a). Compared to wild-type pho1 mRNA levels, a slight accumulation was 143 detected for all strains. However, this is less pronounced than in clr3Δ, indicating that Clr3 is 144 unlikely to entirely depend on Clr2 or other components of SHREC for recruitment to pho1. 145 This is consistent with previous reports showing that Clr3 can also localize to several sites 146 independently of other SHREC components 11 .
147
Lack of Clr3 coincides with increased H3K14 acetylation and transcription at pho1 148 Having established that Clr3 is recruited to the non-coding prt region, we wanted to investigate 149 how it exerts its silencing effect on pho1. Previous studies at the mat locus have proposed that 150 Clr3 can restructure the chromatin environment in such a way as to restrict Pol II access 33 . In 151 order to address if this is the case at the pho1 region as well, the occupancy of Pol II at the 152 locus was determined by ChIP-qPCR ( Figure 1d ). We found that loss of Clr3 leads to increased 153 Pol II levels upstream of the pho1 promoter and particularly across the gene body. This is 154 consistent with increased transcription of pho1 mRNA. 155 Since Clr3 possesses histone deacetylase activity, we expected changes in H3K14 acetylation 156 (H3K14ac) levels at the pho1 locus in clr3Δ. Indeed, an increase in the levels of H3K14ac 9
Clr3 functions in silencing the pho1 mRNA by a mechanism that depends on its HDAC 161 activity.
162
Clr3 and Clr4 function independently to silence pho1 163 It has previously been suggested that Clr3, as part of SHREC, promotes H3K9me at 164 pericentromeric heterochromatin and acts in the same pathway as the Clr4 methyltransferase 13 . 165 Consequently, we next tested whether this is also the case at the pho1 locus. In order to address 166 this, we generated the double mutant clr3Δclr4Δ. Remarkably, this mutant showed an additive 167 accumulation of pho1 mRNA levels (Figure 2a ) and displayed a slow growth phenotype 168 considerably more severe than either of the single mutants, clr3Δ or clr4Δ (Figure 2b ). These 169 data support the idea that Clr3 and Clr4 can act independently of each other to promote gene 170 silencing at facultative heterochromatin, in contrast to the mechanism proposed at constitutive 171 heterochromatin.
172
Non-coding transcription is required for Clr3 recruitment 173 To further our understanding of how Clr3 drives transcriptional silencing, we investigated 174 whether non-coding transcription is needed for its function. We found that, in the absence of 175 non-coding transcription in a strain lacking the prt promoter (ncproΔ) 5 , Clr3 recruitment to 176 pho1 was reduced ( Figure Supplement 2a ). H3K14ac levels were also increased in this strain 177 ( Figure Supplement 2b) , similar to that seen in clr3Δ (Figure 1e ). Moreover, we reasoned that 178 if Clr3 recruitment can only occur in the presence of non-coding transcription, a clr3ΔncproΔ 179 double mutant should not have an additive effect on pho1 expression compared to the 180 respective single mutants. To test this, we analysed pho1 levels in these strains and, as To test which specific region(s) of the prt ncRNA other than its Mmi1 binding site are involved 185 in pho1 silencing, a series of five different 189 bp deletions within the 5' proximal region of 186 prt were generated (prt-1Δ (-1197to -1008), prt-2Δ (-1008to -819), prt-3Δ (-819 to -630), 187 prt-4Δ (-441 to -252), and prt-5Δ (-252 to -63) (pho1 ATG=1)) ( Figure 3a ). We were unable 188 to generate a deletion of the region -630 to -441. Interestingly, elevated pho1 levels were to the prt locus in this mutant and it is indeed defective (data not shown). We next wanted to 195 examine whether inhibition of Clr3 HDAC activity by TSA has any additive effect on pho1 196 levels in the prt mutants. In prt mutants prt-1Δ, prt-2Δ, prt-4Δ, and prt-5Δ, pho1 levels were Figure 1b ). Instead, our data suggest that Set1 210 is likely to function via a different HDAC (Clr3) in transcriptional repression in fission yeast. 211 We next examined whether co-transcriptional recruitment of Clr3 is RNA dependent. To this 212 end we performed ChIP experiments on chromatin extracts that were treated with RNases. As 213 a control, we tested recruitment of the known prt-binding protein Mmi1 and, as expected, 214 binding was lost upon RNase treatment ( Figure Supplement 3a) . We found the Clr3 signal at 215 the pho1 locus to be reduced suggesting that its recruitment is indeed dependent on RNA Figure 3d , lane 5). Altogether, these data suggest that HDAC-mediated silencing is 234 dependent on Set1 and non-coding transcription and acts in addition to Mmi1/Clr4/H3K9me.
235
HDACs act independently of RNA processing and degradation on pho1 236 To determine at which stage of RNA synthesis Clr3 mediates transcriptional silencing, we 237 asked whether there is any genetic interaction between histone deacetylation and Seb1-238 dependent read-through or Mmi-dependent RNA degradation. We previously demonstrated 239 that Seb1 is a key factor that regulates 3' end cleavage and transcription termination of Pol II 240 transcribed genes 41 . Accordingly, read-through transcription is observed in seb1 mutants from 241 the pho84 gene located upstream of prt ( 41 , Figure 3a ), potentially interfering with its we conclude that Clr3 is likely to act in addition to Seb1 and Mmi1 to repress pho1.
250

Phosphate-response genes are regulated differently 251
To explore whether other genes involved in phosphate metabolism are regulated by HDACs, 252 we studied the expression of a gene encoding transporter for glycerophosphodiester 1 (tgp1). 275 We next asked how global expression of genes is regulated by the action of HDACs. To 276 examine the contribution of class I and II HDACs on gene expression, we performed RNA-seq 277 to systematically analyse the consequences of HDAC inhibition upon treatment with TSA. We may not be a major mechanism to positively control transcription in fission yeast.
Inhibition of HDACs induces dramatic changes in global Pol II transcription
291
In order to test whether the observed changes in transcript level are due to changed transcription 292 or post-transcriptional RNA stability, as is the case in mammals 48 , we performed calibrated 293 NET-seq. This technique allows for the genome-wide assessment of Pol II distribution at 294 single-nucleotide resolution and in a strand specific manner 49 . We saw the same general trend 295 of a greater number of genes being down-regulated than up-regulated ( Figure Supplement 5a) . 296 Remarkably, about 80% of genes that are more than 2-fold up-or down-regulated show the 297 same response to TSA in NET-Seq as observed by RNA-seq ( Figure 4a ). This suggests that the untreated samples, the overall levels of H3 do not seem to be affected ( Figure Supplement 5b) . 306 Consistent with previous results 50 we identified a peak of H3K14ac at gene 5' ends (150 nt 307 before to 150 nt after gene TSS) ( Figure Supplement 5c ). Increased H3K14ac in this region 308 correlates with up-regulation in RNA levels, which is in good agreement with a positive role 309 for acetylation on gene transcription and a direct role for HDACs in repression of these genes 310 (Figure 4c) . Majority of the genome shows an increase in acetylation ( Figure Supplement 5d ).
311
As expected this is true at centromeres and, as a consequence, we see higher RNA levels 312 (Figure 4d ). Consistently, down-regulated transcripts show lower H3K14ac levels compared 313 to genes whose expression is not significantly affected by TSA treatment (Figure 4c ). However, 314 this effect is less important than the observed increase of H3K14ac for two-fold up-regulated 315 genes, suggesting that lack of H3K14ac alone does not play a main role in transcription 316 repression. It is possible that deacetylation at other lysines by Clr6 could be primarily 317 responsible for a repressive effect on gene expression. Indeed, a strong decrease in the levels 318 of the transcripts SPAC2E1P3.05c and ctr4 can be seen upon mutation of Clr6 (Figure 4b ).
319
While deletion of Clr3 results in down-regulation of SPAC2E1P3.05c RNA this is not the case 320 for ctr4 suggesting that the observed effect upon TSA treatment is due to a different HDAC 321 than Clr3. However, this does not seem to be Hos2 as no decrease in RNA levels is observed 322 in a mutant of this HDAC. 324 Interestingly GO enrichment analysis of the genes up-regulated in TSA and with increased 325 H3K14ac, revealed meiotic transcripts ( Supplementary Table 1 . These proliferate due to meiotic drive, killing gametes that do not carry the genes and 331 causing infertility 51 . Similar to pho1 (Figure 5d ), meiotic genes depend on Clr3 for 332 transcriptional silencing. In the case of meu31 some redundancy can be seen with Clr6 and 333 Hos2 also contributing to the repression of transcription (Figure 5c ). In agreement with a 334 previously demonstrated role for the nuclear exosome complex in the degradation of meiotic 335 transcripts during mitosis, we observe increased levels of meu19 and meu31 in rrp6Figure 336 5b and c). However, mug14 is not affected in this exosome mutant, suggesting that the gene is 337 likely to be regulated only at the transcriptional level Figure 5a). In support of repression 338 stemming from both the transcriptional and RNA level, serial dilutions onto TSA plates reveal 339 a strong synthetic growth defect for rrp6Δ (Figure 5e ). In summary, our data suggest that, in show up-regulation of multiple transcripts that were previously reported to be degraded by the 348 exosome complex. We were also able to annotate new transcripts whose levels are controlled 349 by the exosome ( Supplementary Table 1 ). One such transcript is the novel intergenic cryptic observe increases in H3K14 acetylation and Pol II transcription ( Supplementary Table 3 and 354 Figure Supplement 6 and 7) . These transcripts include genes encoding for membrane 355 transporters, such as the calcium transporter cta3, and hexose transporters, such as ght8. This 356 suggests that other loci might be regulated via HDAC activity dependent on non-coding 357 transcription, possibly via the activity of the Rpd3 (Clr6 and Hos2) complexes described in S. 358 cerevisiae. 359 We conclude that class I and II HDACs play a significant role in shaping the fission yeast non-coding transcription and whose promoters are likely to be directly regulated by Set1.
323
Transcriptional silencing of meiotic genes requires HDAC activity
398
While it is not clear how Set1 represses genuine promoters one possibility could be that the 399 ratio of H3K4me2/me3 is higher on these genes due to different Set1 residency times. Indeed, 400 recent studies have shown that residency time on promoters can be regulated via Set1's 401 interaction with the nascent RNA. It was proposed that this could, in turn, affect the 402 H3K4me2/me3 ratio 36,37 . This suggests an exciting possibility that Set1 binding to RNA is 403 regulated at these promoters to create a specific chromatin environment that is not permissive 404 for transcription. Alternatively, H3K4me2/me3 ratio could be regulated via demethylation 405 activities targeted to these promoters.
406
Pervasive antisense transcription occurring as a result of Set2 deletion has been shown to 407 modulate expression of highly regulated metabolic genes 56 arguing against a role for Atf1 in providing the specificity for recruitment of Set1.
420
Furthermore, transcripts whose expression was reported to be increased upon deletion of Atf1 421 differ from the transcripts we report to be derepressed upon HDAC inhibition.
422
It has previously been proposed that SHREC promotes H3K9me 13 . The mechanistic details of 423 how SHREC achieves this are unclear but it has been suggested that either deacetylation of 424 H3 or of a non-histone substrate by Clr3 is necessary for Clr4-mediated methylation of H3K9.
425
In contrast to the case at constitutive heterochromatin, we show that Clr3 and Clr4 proteins 426 act in parallel, and that H3K14 deacetylation plays a much more prominent role than H3K9 427 methylation in transcriptional repression. In mammals, developmental genes are believed to 
